
UC Santa Cruz
UC Santa Cruz Electronic Theses and Dissertations

Title
Crossover recombination contributes to the regulation of oocyte programmed cell death in 
C. elegans

Permalink
https://escholarship.org/uc/item/2217p614

Author
Hagy, Kevin

Publication Date
2020
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2217p614
https://escholarship.org
http://www.cdlib.org/


 
 

UNIVERSITY OF CALIFORNIA 

SANTA CRUZ 

 

Crossover recombination contributes to the regulation of oocyte programmed cell death in 

C. elegans 

 

A thesis submitted in partial satisfaction                                                                                                                  

of the requirements for the degree of  

MASTER OF SCIENCE 

In 

MCD BIOLOGY 

By 

Kevin Hagy 

December 2020 

 

The thesis of Kevin Hagy is approved: 

_____________________________ 

Professor Needhi Bhalla, Chair 

_____________________________ 

Professor Josh Arribere  

_____________________________ 

Professor Susan Strome  

_____________________________ 

Quentin Williams  

Acting Vice Provost and Dean of Graduate Students 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 
 

TABLE OF CONTENTS 

SECTION 1 

TEXT .......................................................................................................................................1-13 

ABSTRACT ................................................................................................................................   V-VI 
DEDICATIONS/ ACKNOWLEDGEMENT ................................................................................................ VII 
INTRODUCTION/BACKGROUND.......................................................................................................... 1-3 
RESULTS ........................................................................................................................................ 3-8 
DISCUSSION ................................................................................................................................... 8-12 
METHODS ................................................................................................................................... 12-13 
 
 

SECTION 2 

FIGURES ................................................................................................................................. 14-24 

FIGURE 1: ZHP-3;EGL-1 (BC373) AND MSH-5;EGL-1(BC373) MUTANTS HAVE ELEVATED LEVELS OF 

APOPTOSIS................................................................................................................................... 14 
 
FIGURE 2: ZHP-3;EGL-1 (BC373) AND MSH;5;EGL-1(BC373) MUTANTS SHOW A DECREASE IN APOPTOSIS 

WHEN HUS- 1 IS KNOCKED DOWN BY RNA INTERFERENCE (RNAI).......................................................... 15 
 
FIGURE 3: ZHP-3;EGL-1(BC373) AND MSH-5;EGL-1(BC373) MUTANTS SHOW A DECREASE IN APOPTOSIS 

WHEN CEP-1 IS KNOCKED DOWN BY RNA INTERFERENCE (RNAI) ........................................................... 16 
 
FIGURE 4: ZHP-3;EGL-1(BC373)/+ SHOW INTERMEDIATE LEVELS OF APOPTOSIS ...................................... 17 
 
FIGURE 5: PCH-2 IS NOT REQUIRED FOR THE ELEVATED LEVELS OF APOPTOTIC NUCLEI OBSERVED IN MSH-
5;EGL-1(BC373) .......................................................................................................................... 18 
 
FIGURE 6: PROPOSED MODEL ......................................................................................................... 19 
 
FIGURE 7: NHR-6 MAY PLAY A ROLE IN REGULATING APOPTOSIS IN CROSSOVER MUTANTS ......................... 20 
 
FIGURE 8: NHR-91 MAY PLAY A ROLE IN REGULATING APOPTOSIS IN CROSSOVER MUTANTS ....................... 21 
 
FIGURE 9: NHR-6 AND NHR-91 DO NOT ACT REDUNDANTLY TO REGULATE APOPTOSIS IN CROSSOVER 

MUTANTS .................................................................................................................................... 22 
 
FIGURE 10: NHR-72 DOES NOT PLAY A ROLE IN REGULATING APOPTOSIS IN CROSSOVER MUTANTS .............. 23 
 
STRAINS ...................................................................................................................................... 24 
 
 
 



iv 
 

SUPPLEMENTAL ....................................................................................................................... 25-46 

 
SUPPLEMENTAL FIGURE 1: EGL-1 LOCUS DELETION SCREEN ................................................................... 25 
 
SUPPLEMENTAL FIGURE 2: EGL-1 LOCUS DELETIONS (BC ALLELES) .......................................................... 26-27 
 
SUPPLEMENTAL FIGURE 3: RNAI SCREEN (WITH CONTROL) ................................................................... 28-31 
 
SUPPLEMENTAL FIGURE 4: RNAI SCREEN (WITHOUT CONTROL) ............................................................. 32-45 
 
SUPPLEMENTAL FIGURE 5: RNAI SCREEN LIST .................................................................................... 46 
 
REFERENCES ................................................................................................................................ 47-50 
 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

v 

Abstract 

Crossover recombination contributes to the regulation of oocyte programmed cell death in 

C. elegans 

Kevin Hagy 

Diversity in the animal kingdom is established through mutations, gene flow, and 

sexual reproduction. During gamete production, genetic material is exchanged between 

maternal and paternal chromosomes via a process called crossover (CO) recombination. In 

C. elegans, recombination between homologs is essential for proper segregation during 

anaphase I. During this process, double strand breaks are enzymatically induced via SPO-11 

and repaired through the CO pathway. Thus, loss of CO promoting factors, such as MSH-4, 

MSH-5 and ZHP-3, should lead to persistent DNA damage and an increase in activation of 

DNA damage induced apoptosis, a process dependent on the conserved apoptosis activator, 

EGL-1. However, Silva et al showed that loss of these CO-promoting factors fails to activate 

DNA damage induced apoptosis (32). Further, these factors are hypothesized to be required 

for initiation of the DNA-damage checkpoint since apoptosis fails to activate in msh-4, msh-

5, and zhp-3 mutants after IR radiation. We present an alternate explanation of these 

results: When a conserved upstream regulatory region of egl-1 is mutated, msh-5 and zhp-3 

mutants exhibit an increase in apoptosis dependent on the DNA damage checkpoint 

proteins, HUS-1 and CEP-1. Also, a feedback mechanism involving PCH-2, a AAA+ ATPase 

that is activated by defects in recombination is not required for DDR dependent apoptotic 

regulation. This is in contrast to the requirement of PCH-2 for synaptic mutants to activate 

germline apoptosis. Based on these results, we hypothesized that when CO recombination is 

specifically disrupted, DNA damage induced apoptosis is inhibited, potentially to favor repair 



 
 

vi 

over removal. Our goal was to understand the regulation of apoptosis during the process of 

CO recombination and to identify a novel regulatory factor(s) that interacts with an egl-1 

regulatory region, egl-1(bc373), to limit apoptosis when CO recombination is defective. We 

tested a variety of factors including NHR-6, NHR-72, NHR-91, and screened 98 oogenic 

transcription factors. 
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Introduction/ Background 

Meiosis generates haploid gametes from diploid cells. Diploidy is then restored 

when an egg is fertilized by sperm to form an embryo. Defects in meiosis can give rise to 

gametes with the incorrect number of chromosomes, or aneuploidies. Gametes with 

aberrations in chromosome number then form aneuploid embryos which are typically 

inviable and lead to infertility. It is estimated that 30% of miscarriages in humans are caused 

by aneuploidies (13). However, some cases of aneuploidy are tolerable but give rise to 

developmental disorders like Down Syndrome. It is currently not known how the dynamic 

structures of chromosomes function to coordinate successful equal segregation of homologs 

during anaphase I of meiosis.  

Crossover (CO) recombination is essential for the proper segregation of 

chromosomes. The steps of recombination occur as follows: 1. SPO-11 introduces DNA 

double-strand breaks (7, 16, 27), 2. RAD-51-dependent single-end strand invasion favors 

repair from homologous chromosomes (1, 23, 28, 29), and 3. crossover (CO) -specific DNA 

repair is promoted by several proteins, including MSH-4, MSH-5 and ZHP-3 (15, 17). Thus, 

loss of CO promoting factors, ZHP-3 and MSH-4/5, leads to an absence of COs and persistent 

unrepaired recombination intermediates (2, 3, A. Ye, personal communication). The 

accumulation of unprocessed recombination intermediates triggers the DNA damage 

response (DDR) to promote DNA repair (14, 23,29). If DNA remains unrepaired, checkpoint 

induced apoptosis is activated via a conserved pathway that contains HUS-1, a member of 

the 9- 1-1 complex (14), and CEP-1, the C. elegans ortholog of p53 (30). Surprisingly, Silva et 

al reported that zhp-3 and msh-4/5 mutants do not show elevated levels of programmed 
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cell death after gamma irradiation (32). This is in contrast to the heightened levels of 

apoptosis observed in other mutants defective at early stages of repair (rad-51) or later 

during CO formation (cosa-1) (32). Silva et. al suggest that zhp-3 and msh-4/5 mutants do 

not display an elevation in germline apoptosis because of potential roles in the DDR but how 

this might work is unknown.  

During C. elegans development, 131 somatic cell deaths occur in response to 

developmental cues and these apoptotic events are regulated by transcriptional activation 

of the BH3-only protein, EGL-1 (4, 25). In adult hermaphrodites, over 300 germ cells die via 

programmed cell death independent of egl-1 (physiological/ basal apoptosis) (12), however, 

EGL-1 is partially required for DDR induced apoptosis in the germline (19). In the soma, 

there are several characterized developmental pathways that target cis-elements of the egl-

1 locus as a mode of cell death regulation (5). Ye et al. also identified a regulatory region 

downstream of the egl-1 stop codon that is required to inhibit apoptosis in the gonad of 

meiotic mutants (X chromosome pairing mutants, meDf2) (34). Based on this finding, we 

wondered if another regulatory region of egl-1 may be required for the inhibition of 

apoptosis in zhp-3 and msh-5 mutants.  

We report here the identification of another regulatory region upstream of the start 

codon of egl-1 that specifically regulates germline apoptosis in msh-5 and zhp-3 mutants. 

This regulatory region, when absent, results in elevated germline apoptosis in msh-5 and 

zhp-3 mutants. This elevated apoptosis relies on the DDR but not a PCH-2 dependent 

feedback mechanism. Based on these results, we propose that when meiotic crossover 

recombination is specifically disrupted, germline apoptosis is inhibited at the level of egl-1 
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transcription. We hypothesize that this regulation favors meiotic repair over removal by 

apoptosis. We attempted to identify what trans-acting factors might contribute to this 

regulation through an RNA interference (RNAi) screen and report on the results of that 

screen.  

Results 

zhp-3 and msh-5 mutants show elevated apoptosis when combined with the egl-1(bc373) 

allele.  

  A collaborator, Barbara Conradt, identified a 1.5 kb deletion upstream of the egl-1 

start codon, named egl-1(bc373) (Figure 1A). We wondered if this regulatory region might 

contribute to the wildtype levels of germline apoptosis observed in zhp-3 and msh-5 

mutants. Deletion of this region did not affect apoptosis when recombination was disrupted 

in other mutant backgrounds that typically activate the DDR (A. Ye, personal 

communication).  

We introduced the egl-1(bc373) allele into zhp-3 and msh-5 mutants. We assessed 

germline apoptosis in zhp-3, zhp-3;egl-1(bc373) double mutants, msh-5 and msh-5;egl-

1(bc373) double mutants. As reported by Silva et. al., we observed wildtype levels of 

apoptosis in zhp-3 and msh-5 single mutants (Figure 1B). However, in zhp-3;egl-1(bc373) 

and msh-5;egl-1(bc373) double mutants we observed an increase in the average number of 

apoptotic nuclei (Figure 1B). When comparing wildtype to egl-1(bc373) mutants, no 

significant difference was observed. 
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The elevated apoptosis in zhp-3;egl-1(bc373) and msh-5;egl-1(bc373) double mutants 

depends on conserved factors of the DNA damage response. 

 Given the persistent recombination intermediates observed in zhp-3 and msh-5 

mutants (2,3), we wondered if the increase in apoptosis observed in double mutants was 

dependent on the DNA damage response (DDR). We tested this by knocking down 

conserved components of the DDR by RNA interference (RNAi): HUS-1, a member of the 9- 

1-1 complex (14) and CEP-1, the C. elegans ortholog of p53 (30). When zhp-3;egl-1(bc373) or 

msh-5;egl-1(bc373) mutants were treated with RNAi to hus-1, a significant decrease in the 

average levels of apoptosis was observed as compared to untreated control (Figure 2). A 

similar trend was observed for cep-1, when zhp-3;egl-1(bc373) or msh-5;egl-1(bc373) 

mutants were fed RNAi targeting cep-1, a significant decrease in the average levels of 

apoptotic nuclei was displayed compared to untreated control (Figure 3). No significant 

difference in apoptosis was displayed by egl-1(bc373) worms treated with RNAi to hus-1 

(Figure 2) or cep-1 (Figure 3) compared to untreated egl-1(bc373) controls. 

zhp-3;egl-1(bc373)/+ show intermediate levels of apoptosis.  

Based on the results that deletion of this regulatory region in zhp-3 and msh-5 

mutants increases apoptosis and that EGL-1 is a pro-apoptotic regulator (14,25), we 

hypothesized that the egl-1(bc373) allele was a gain of function, or hypermorphic, allele of 

egl-1. Muller’s Morphs states that allele dosage correlates with phenotypic severity such 

that: mutation/Duplication > mutation/+ > mutation/Deletion or m/+/+ > m/+ > m/∅ (24). 

Thus, we rationed that m/+/+ > m/m > m/+ > m/∅, and first tested m/m> m/+ > +/+ by 

observing the levels of apoptotic nuclei in zhp-3;egl-1(bc373)/egl-1(bc373), zhp-3;egl-
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1(bc373)/+, and zhp-3;+/+ mutants. We then compared the average levels of apoptosis in 

zhp-3 mutants heterozygous for egl-1(bc373) to zhp-3 mutants homozygous for egl-1(bc373) 

and to zhp-3 single mutants. We observed a significant increase in apoptosis of egl-

1(bc373)heterozygous mutants as compared to single zhp-3 mutants and a significant 

decrease when compared to zhp-3 mutants homozygous for egl-1(bc373) (Figure 4). In other 

words, the heterozygous egl-1(bc373) mutants displayed an intermediate phenotype 

between animals with wildtype egl-1 gene function and homozygous egl-1(bc373) mutants.  

The elevated apoptosis in msh-5;egl-1(bc373) mutants does not depend on PCH-2. 

One response to defects in recombination is the retention of PCH-2, a conserved 

AAA-ATPase, on meiotic chromosomes. PCH-2 normally localizes to chromosomes when 

there is CO potential, dissociates when chromosomes are no longer competent for COs, 

contributes to CO formation, and is required for the initiation of apoptosis via the synapsis 

checkpoint (8). When msh-5 and zhp-3 mutants were fixed and stained with a PCH-2 

antibody, a prolonged association with chromosomes (more PCH-2 foci co-localized with 

chromosomes in late prophase) was observed, consistent with our model (8). We were 

curious if the extension of PCH-2 localization on chromosomes (8) was required for the 

activation of apoptosis in zhp-3;egl-1(bc373) and msh-5;egl-1(bc373) mutants. 

To test this hypothesis, we generated pch-2;msh-5;egl-1(bc373) triple mutants and 

scored apoptotic nuclei. When null mutations of pch-2 were introduced into msh-5;egl-

1(bc373) there was no significant change in the average level of apoptosis as compared to 

msh-5;egl-1(bc373) mutants (Figure 5). Similarly, there was no significant increase in the 

levels of apoptosis when comparing msh-5 to pch-2;msh-5. 
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Rationale for RNAi screen to identify transcription factors required to inhibit apoptosis in 

zhp-3 and msh-5 mutants.  

Based on these data, that ZHP-3 and MSH-5 mutants can promote apoptosis via the 

DDR when the egl-1(bc373) allele is introduced, we suggest an alternative hypothesis to 

Silva et al. We hypothesize that when CO recombination is specifically disrupted, the DDR is 

active but DNA damage induced apoptosis is inhibited by an unknown factor through the 

regulatory region deleted in egl-1(bc373), potentially to promote repair of damaged nuclei 

over removal. Further, we propose that this regulation works through a factor that binds the 

region identified by the egl-1(bc373) allele to inhibit egl-1 transcription and prevent 

germline apoptosis (Figure 6). This scientific logic proposes that reducing gene function of 

this putative factor would produce the same phenotype in msh-5 and zhp-3 mutants as the 

egl-1(bc373) allele. We tested this hypothesis by performing RNAi screens of potential 

candidate factors.  

An unpublished yeast one-hybrid screen performed in Marian Walhout’s lab in 

collaboration with Barbara Conradt’s lab indicated three potential candidates that bind the 

region identified by the egl-1(bc373) allele: NHR-6, NHR-91 and NHR-72. We first divided the 

region deleted in egl-1(bc373) into three arbitrary regions (~500bp) named F2, G1, G2. NHR-

6 and NHR-91 were both identified as interactors with the G2 region identified in the region 

deleted in egl-1(bc373) (Figure 7A). To test the involvement of NHR-6 and NHR-91 in 

regulating apoptosis in zhp-3 and msh-5 mutants we used RNAi to knock-down the factor 

and then scored the levels of apoptotic nuclei. When nhr-6 was knocked down via RNAi, a 

small significant increase in apoptosis was observed in zhp-3 and msh-5 mutants as 
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compared to untreated control (Figure 7B). Wildtype C. elegans were unaffected by RNAi 

treatment. Similar to nhr-6 RNAi, when nhr-91 was knocked down via RNAi, a slight increase 

in the average number of apoptotic nuclei was observed in zhp-3 and msh-5 mutants as 

compared to mutants fed with empty vector control (Figure 8). Wildtype worms fed with 

nhr-91 RNAi were unaffected by treatment as compared to untreated wildtype control. 

Since NHR-6 and NHR-91 were both shown to interact with the same region 

identified in the region deleted in the egl-1(bc373) allele in the yeast one-hybrid screen and 

because an intermediate increase in apoptosis was observed after RNAi treatment of each, 

one possibility was that both NHR-6 and NHR-91 acted redundantly on the G2 region to 

inhibit apoptosis. Thus, we rationalized that the knock-down of both factors simultaneously 

might recapitulate the trait seen in zhp-3;egl-1(bc373) and msh-5;egl-1(bc373) mutants (a 

significant increase in apoptosis). However, when both factors were knocked via a 50/50 

mixture of RNAi targeting nhr-6 and nhr-91, no significant increase in apoptosis was 

observed in neither msh-5 nor zhp-3 mutants (Figure 9). Wildtype C. elegans were also 

unaffected by co-treatment of nhr-6 and nhr-91 RNAi as compared to untreated. 

The yeast one-hybrid screen also indicated that NHR-72 interacted with the F2 

region identified by the egl-1(bc373) allele (Figure 7A). To test the involvement of nhr-72 on 

apoptotic regulation, we knocked down nhr-72 via RNAi in zhp-3 and msh-5 mutants and 

assayed apoptosis. No significant difference was observed between msh-5 or zhp-3 mutants 

treated with nhr-72 RNAi as compared to untreated msh-5 or zhp-3 mutants (Figure 10). 

Wildtype worms were also unaffected by nhr-72 RNAi as compared to untreated.  
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 We performed an RNAi screen to potentially uncover a new factor involved in the 

mechanism of apoptotic suppression specifically in msh-5 and zhp-3 mutants. We began by 

testing the 176 transcription factors reported to be expressed specifically during oogenesis 

(22). The screen has tested 98/176 of the oogenic transcription factors thus far by 

systematically knocking each factor down via RNAi in both a zhp-3 and msh-5 background in 

search for a phenotypic copy of the egl-1(bc373) allele (an increase in germ-line apoptotic 

nuclei in msh-5 and zhp-3 mutants but not in a wild type background). Of the factors tested, 

none displayed an increase in apoptosis when treated with their respective RNAi 

(Supplemental Figure 3, Figure 4, and Figure 5). 

Discussion 

We have shown that C. elegans defective in the pro-crossover recombination factors 

(pro-CO factors), ZHP-3 and MSH-5, can activate the DNA-damage response in germ-line 

nuclei and promote programmed cell death, when a conserved region upstream of egl-1 is 

deleted (Figure 1B). This is in contrast to the report of Silva et al. who proposed that pro-CO 

factors are required for the initiation of apoptosis and may act down-stream of EGL-1 in the 

DNA-damage response (DDR) pathway (32). We reasoned that apoptosis in zhp-3 and msh-5 

mutants is inhibited by the region identified by the egl-1(bc373) allele, suggesting a role for 

this region in regulating germline egl-1 expression.  

Furthermore, we have shown that the egl-1(bc373) allele acts in partial accordance 

with Muller’s Morphs (18) such that allele dosage (+/+, egl-1(bc373)/+, or egl-1(bc373)/egl-

1(bc373)) correlates positively with phenotypic severity (Figure 4) in a zhp-3 background. 

This suggests two possibilities: 1. a hypermorphic allele, suggesting an in cis interaction 
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between egl-1(bc373) and expression of egl-1 or 2. a haploinsufficient allele of an unknown 

gene in the egl-1(bc373) region, perhaps a lncRNA. An experiment to distinguish between 

these two interpretations would be to verify m/+/+ > m/+ > m/∅ of Muller’s Morphs by 

observing the levels of apoptotic nuclei in egl-1(bc373)/egl-1 in comparison to egl-

1(bc373)/+. Future experiments, utilizing qRT-PCR to directly assay egl-1 transcripts in egl-

1(bc373) mutants, may also distinguish any potential connection between the egl-1(bc373) 

region and egl-1 expression in zhp-3 and msh-5 backgrounds.  

We have also shown that the execution of this average increase in apoptosis 

observed in the egl-1(bc373) double mutants, zhp-3;egl-1(bc373) and msh-5;egl-1(bc373), is 

dependent on both hus-1 (Figure 2) and cep-1 (Figure 3), two key components of the 

conserved DNA damage response. We want to further verify this by introducing null 

mutations of hus-1 and cep-1 into zhp-3;egl-1(bc373) and msh-5;egl-1(bc373) and to score 

apoptotic nuclei in these triple mutants, i.e. in hus-1;zhp-3;egl-1(bc373) and hus-1;msh-

5;egl-1(bc373). Another experiment to further confirm DDR requirement is to treat zhp-

3;bc373 and msh-5;bc373 mutants with RNAi against egl-1 and score apoptosis. The 

expected result is that egl-1 is required for the initiation of apoptosis in these backgrounds. 

We also tested if PCH-2, an AAA+ ATPase (8), is required for the increase in 

apoptosis observed in msh-5;egl-1(bc373) by generating the triple mutant, pch-2;msh-5;egl-

1(bc373). This study concludes that PCH-2 is not required for the increase of apoptosis seen 

in msh-5;egl-1(bc373) (Figure 5). Also, PCH-2 does not appear to be required for the 

inhibition of apoptosis in msh-5 because pch-2;msh-5 mutants did not display an increase in 

the average levels of apoptosis compared to msh-5 (Figure 5). Further verification using pch-
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2;zhp-3;egl-1(bc373) triple mutants may confirm PCH-2’s lack of involvement in the 

regulation of apoptosis in pro-CO mutants.  

Although the initiation of apoptosis in msh-5;egl-1(bc373) is not dependent on PCH-

2, suggesting that the inhibition of apoptosis in msh-5 is not connected to this feedback 

mechanism, it is still possible that this regulation of apoptosis relies on other meiotic 

feedback mechanisms, such as the one controlled by meiotic HORMADs (33).  

Meiotic delay is also dependent on HORMA domain containing proteins (HORMADS) 

(26) that are required for pairing, synapsis, and recombination (26, 33). In C. elegans there 

are four HORMADs that are required to regulate progression during prophase: HTP-3, HTP-1, 

HTP-2, and HIM-3. Future experiments include testing which of these factors contribute to 

the meiotic delay observed in zhp-3 and msh-5 mutants (33) and introducing mutations of 

these factors into zhp-3;egl-1(bc373) and msh-5;egl-1(bc373) mutants and scoring the effect 

on the average number of apoptotic nuclei.  

We also conclude that NHR-6, NHR-72, and NHR-91 are not involved in regulating 

apoptosis during oogenesis (Figure 7-10). These results were validated by other reports that 

NHR-6 (11), NHR-72, NHR-91 are factors transcribed during spermatogenesis (22) and not 

oogenesis. However, a significant effect was observed when nhr-6 (Figure 7) or nhr-91 

(Figure 8) alone was depleted via RNAi. One hypothesis is that nhr-6 and nhr-91 are involved 

in regulating apoptosis during spermatogenesis. Since the male germline lacks apoptosis 

(12) we hypothesize these factors could function to inhibit apoptosis during 

spermatogenesis. Perhaps then the observed increase in apoptotic nuclei in the female 

germline in nhr-6 and nhr-91 depleted mutants is through defects in spermatogenetic 
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signaling (9) or the clearance of apoptotic cells in the spermatheca (21). An interesting 

future experiment would be to introduce null mutations of nhr-6 and nhr-91 into zhp-3 and 

msh-5 mutants, i.e. nhr-6;zhp-3 and nhr-6;msh-5 and observe males during spermatogenesis 

for any apoptotic nuclei. Furthermore, the lack of a significant effect in Figure 9 may be due 

to 50/50 RNAi experiments reducing the efficiency to each gene, such that only a minimal 

amount of nhr-6 and nhr-91 were knocked down. A way to test this would be to use a 

mixture of dpy-5 RNAi, an unrelated gene, with nhr-91 RNAi. 

Another explanation for these results (Figure 9) is that NHR-6 repressed NHR-91 and 

NHR-91 repressed NHR-6 (repressed each other). For example, when NHR-91 was knocked 

down NHR-6 was activated, interacted with the egl-1(bc373) region, and inhibited apoptosis. 

A way to test this would be to see if there is no further elevation in apoptosis when msh-

5;egl-1(bc373) and zhp-3;egl-1(bc373) mutants are treated with RNAi to nhr-6 or nhr-91. 

However, this repressor hypothesis contradicts the single RNAi experiments against nhr-6 

(Figure 7) and nhr-91 (Figure 8) that showed a slight increase in apoptotic levels. One 

possibility is that in zhp-3 and msh-5 mutants, most, if not all, of NHR-6 and NHR-91 are 

localized to the egl-1(bc373) region such that the RNAi treatment knocked down activated 

forms of NHR-6 and NHR-91 and not the inactive NHR-6/NHR-91 complex. Finally, another 

possibility is that there are different isoforms of nhr-6 and nhr-91 that are not being silenced 

by the RNAi designed for each. A future experiment to test this hypothesis is to introduce 

null mutations of nhr-6 and nhr-91 into zhp-3 and msh-5, i.e. nhr-6;msh-5, nhr-91;msh-5, 

and nhr-6;nhr-91;msh-5, and assay the effect on germline apoptosis. ChIP-seq could also be 

used to determine interactions of NHR-6 and NHR-91 with DNA, potentially with the egl-
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1(bc373) region. This can be achieved by FLAG tagging the NHR via CRISPR/Cas-9, 

performing CO-immunoprecipitation, and annealing primers to the egl-1(bc373) region 

during PCR. 

Of the 98 oogenic factors tested via the RNAi screen we conclude that none were 

involved individually in the regulation of apoptosis in msh-5 or zhp-3 mutants. Future 

experiments will involve testing the remainder of oogenic factors in singularity and in 

combination, expanding the screen to all 934 transcription factors, and to all 10,754 

transcribed transcripts in the germ-line of C. elegans.  

Methods  

Scoring apoptosis: 

Hermaphrodites were picked as late-stage L4s and allowed to age for 20-24 hours at 20ºC. 

They were mounted in M9 on 1.5% agarose pads containing 0.2 mM levamisole and their 

gonads examined by fluorescence microscopy for cells completely surrounded by CED-

1::GFP. 20-30 gonads were scored per genotype. We used agar pads that contained 

levamisole (the stock is 1000X; this immobilizes the worms) fresh every time; for dumpy 

worms this stock is 2000X. The agar was kept at ~95ºC degrees while making each pad: the 

side that the pad is made on was flanked with a slide and coverslip on each side. A drop of 

1.5% agarose + levamisole was placed on the slide and a 22X50 coverslip dropped 

perpendicular to the slide on top to flatten the pad and then incubated at room 

temperature for 3 minutes. The coverslip was slide off and a drop of oil was added on top of 

the pad. Worms were placed on the pad quickly to prevent dehydration. A 22X22 coverslip 

was placed on top and sealed with hot agarose. 10-25 ul M9 was added if needed 
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underneath coverslip before sealing or if worms were used from M9 washing off a plate and 

concentrated via centrifugation and vacuum removal of supernatant. We sometimes used a 

cut p1000 tip to allow worms to settle and then expelled a 10-30 ul drop of concentrated 

worms on to the agar pad (for verifying CED-1::GFP during crosses). Worms were then 

visualized on Deltavision with 100X objective. 

Feeding RNAi protocol (adapted from Plasterk lab): 

20ml LB + carbenicillin cultures of bacterial strain containing the RNAi vector were started 

along with an empty vector control (L4440) and grown overnight at 37ºC. Worms were 

chunked (or picked two days before if balanced) and put at 20ºC. The next morning, 

overnight cultures were spun down (5 min at 4,000 rpm in the table top centrifuge), and 

resuspended in 1ml total volume (enough for 10 plates). 100µl of the resuspended bacteria 

was placed onto NGM + IPTG + carbenicillin plates. After the plates dried, they were placed 

at 37ºC to induce RNA expression overnight (via IPTG). On Day 3, ~100µl of M9 was placed 

onto an unspread NGM plate. Wildtype and mutant L4s were placed into the M9 to rinse 

and pipetted up and down to wash thoroughly. L4s were picked from the M9 and placed on 

one of the plates seeded the day before with RNAi bacteria. Worms were placed at 20ºC for 

2 hours for the worms to eat the bacteria and remove any residual OP50 in the gut. After 2 

hours, worms were transferred to fresh plates (seeded the day before with RNAi bacteria). 

On Day 4, three to four worms were placed on each plate and kept at 20ºC to let the parents 

self. The remaining plates were stored at 4ºC. Two or three days later, L4s were picked to 

the RNAi plate stored at 4° and kept at 20ºC for 20-24 hours to score the next day.
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Figures 

 

 

 

 

 

 

 

 

 

 

Figure 1A: Schematic illustrating egl-1 

locus. Dark rectangle represents the coding 

sequence of egl-1. The bc373 allele removes 

a ~ 1.5 kb region ~6kb upstream of the egl-1 

locus.  

 

Figure 1B: zhp-3;egl-1 (bc373) and msh-

5;egl-1(bc373) mutants have elevated 

levels of apoptosis. L4 hermaphrodites 

were aged for 20-24 hours at 20ºC before 

mounting on 1.5% agaroses pads containing 

0.2mM levamisole. Animals were scored at 

1000X under fluorescence microscopy for 

cells encircled by CED-1::GFP. One gonad 

was scored per animal and at least 20 

animals per genotype were used. ns 

indicates no significant difference, **** 

indicates a p value <0.0001 using Student’s 

t-test. C. elegans containing the egl-

1(bc373) mutation had no significant 

difference in the average corpses per gonad 

arm when compared to wildtype, zhp-3, or 

msh-5. A significant increase in the average 

number of corpses in zhp-3 single mutant 

compared to zhp-3;egl-1(bc373) double 

mutants was observed. A similar trend was 

also seen when comparing the average 

levels of apoptosis of msh-5 single mutants 

to msh-5;egl-1(bc373) double mutants. 

Both double mutants exhibited a significant 

increase in the average number of 

apoptotic nuclei when compared to their 

respective single mutant. 

A 

B 
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Figure 2: zhp-3;egl-1(bc373) and msh-5;egl-

1(bc373) mutants show a decrease in 

apoptosis when hus- 1 is knocked down by 

RNA interference (RNAi). L4 

hermaphrodites were picked onto plates 

seeded with hus-1 RNAi or empty vector 

control (L4440) following the “Feeding RNAi 

Protocol” adapted from the Plasterk Lab. L4 

F1 progeny were aged for 20-24 hours on 

seeded plates at 20ºC before mounting on 

1.5% agaroses pads containing 0.2mM 

levamisole. Animals were scored at 1000X 

under fluorescence microscopy for cells 

encircled by CED-1::GFP. One gonad was 

scored per animal and at least 20 animals 

per genotype were used. ns indicates no 

significant difference, **** indicates a p 

value <0.0001 using Student’s t-test. zhp-

3;egl-1(bc373) mutants fed with hus-1 RNAi 

showed a significant decrease in the levels 

of apoptotic nuclei when compared to zhp-

3;egl-1(bc373) mutants fed empty vector. 

The feeding of hus-1 RNAi also significantly 

decreased the average level of apoptotic 

cells in msh-5;egl-1(bc373) mutants 

compared to msh-5;egl-1(bc373) mutants 

fed empty vector. No significant change was 

observed in egl-1(bc373) single mutants fed 

RNAi vs. egl-1(bc373) mutants fed empty 

vector. 
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Figure 3: zhp-3;egl-1(bc373) and msh-5;egl-

1(bc373) mutants show a decrease in 

apoptosis when cep-1 is knocked down by 

RNA interference (RNAi). L4 

hermaphrodites were picked onto plates 

seeded with cep-1 RNAi or empty vector 

control (L4440) following the “Feeding RNAi 

Protocol” adapted from the Plasterk Lab. L4 

F1 progeny were aged for 20-24 hours on 

seeded plates at 20ºC before mounting on 

1.5% agaroses pads containing 0.2mM 

levamisole. Animals were scored at 1000X 

under fluorescence microscopy for cells 

encircled by CED-1::GFP. One gonad was 

scored per animal and at least 20 animals 

per genotype were used. ns indicates no 

significant difference, **** indicates a p 

value <0.0001 using Student’s t-test. zhp-

3;egl-1(bc373) mutants fed with cep-1 RNAi 

showed a significant decrease in the levels 

of apoptotic nuclei when compared to zhp-

3;egl-1(bc373) mutants fed empty vector. 

The feeding of cep-1 RNAi also significantly 

decreased the average level of apoptotic 

cells in msh-5;egl-1(bc373) mutants 

compared to msh-5;egl-1(bc373) mutants 

fed empty vector. No significant change was 

observed in comparing egl-1(bc373) 

mutants fed RNAi vs. egl-1(bc373) mutants 

fed empty vector. 
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Figure 4: zhp-3;egl-1(bc373)/+ show 

intermediate levels of apoptosis (20). L4 

hermaphrodites were aged for 20-24 hours 

at 20ºC before mounting on 1.5% agaroses 

pads containing 0.2mM levamisole. Animals 

were scored at 1000X under fluorescence 

microscopy for cells encircled by CED-

1::GFP. One gonad was scored per animal 

and at least 20 animals per genotype were 

used. (*** indicates a p value = 0.0001 and 

* = 0.0109 using Student’s t-test) zhp-3 

mutants heterozygous for the egl-1(bc373) 

allele exhibited a significant decrease in the 

average levels of apoptotic nuclei as 

compared to zhp-3 mutants homozygous 

for the egl-1(bc373) allele and a significant 

increase compared to zhp-3 mutants 

homozygous for both WT copies of egl-1.  
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Figure 5: PCH-2 is not required for the 

elevated levels of apoptotic nuclei 

observed in msh-5;egl-1(bc373). L4 

hermaphrodites were aged for 20-24 hours 

at 20ºC before mounting on 1.5% agarose 

pads containing 0.2mM levamisole. Animals 

were scored at 1000X under fluorescence 

microscopy for cells encircled by CED-

1::GFP. One gonad was scored per animal 

and at least 10 animals per genotype were 

used. ns indicates no significant difference 

using Student’s t-test. No significant 

difference in the average amount of 

germline apoptosis was observed when 

comparing msh-5;egl-1(bc373) mutants 

with msh-5;egl-1(bc373);pch-2 triple 

mutants.  
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Figure 6: Proposed Model: In the presence of prolonged recombination intermediates, an 

unknown factor, X, activates and binds to a specific nucleotide sequence within the bc373 

region. The interaction between the unknown factor X and bc373 acts to inhibit expression 

of the egl-1 promoter, lowering the transcription/translation of the pro-apoptotic factor, 

EGL-1, and ultimately limiting the initiation of programmed cell death during oogenesis. This 

mechanism may function to promote an extended time frame for meiotic nuclei to repair 

crossover intermediates via the CO recombination pathway instead of removing defective 

nuclei via apoptosis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 20 

 

 

 

 

 

 

 

 

 

 

Figure 7A: Schematic illustrating yeast-one 

hybrid screen results A yeast one-hybrid 

screen identified three potential binding 

partners within the region deleted in the 

egl-1(bc373) allele. NHR-6 and NHR-91 were 

implicated as interactors within the G2 

region identified in the region deleted in 

egl-1(bc373). NHR-72 was implicated as an 

interactor within the F2 region identified in 

the region deleted in egl-1(bc373). No 

interactors were discovered for the G1 

region identified in the region deleted in 

egl-1(bc373). 

Figure 7B: NHR-6 may play a role in 

regulating apoptosis in crossover mutants 

L4 hermaphrodites were picked onto plates 

seeded with nhr-6 RNAi or empty vector 

control (HT115) following the “Feeding 

RNAi Protocol” adapted from the Plasterk 

Lab. L4 F1 progeny were aged for 20-24 

hours on seeded plates at 20ºC before 

mounting on 1.5% agaroses pads containing 

0.2mM levamisole. Animals were scored at 

1000X under fluorescence microscopy for 

cells encircled by CED-1::GFP. One gonad 

was scored per animal and at least 20 

animals per genotype were used. ns 

indicates no significant difference, * 

indicates a p value = 0.0183 and ** = 0.0085 

using Student’s t-test. zhp-3 mutants 

treated with RNAi to nhr-6 showed 

significant elevated levels in the average 

number of apoptotic nuclei as compared to 

zhp-3 mutants treated with empty vector. 

msh-5 mutants treated with nhr-6 RNAi also 

showed significant elevation in the average 

number of apoptotic nuclei as compared to 

untreated msh-5 mutants.  

B 

A 



 21 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: NHR-91 may play a role in 

regulating apoptosis in crossover mutants 

L4 hermaphrodites were picked onto plates 

seeded with nhr-91 RNAi or empty vector 

control (HT115) following the “Feeding 

RNAi Protocol” adapted from the Plasterk 

Lab. L4 F1 progeny were aged for 20-24 

hours on seeded plates at 20ºC before 

mounting on 1.5% agaroses pads containing 

0.2mM levamisole. Animals were scored at 

1000X under fluorescence microscopy for 

cells encircled by CED-1::GFP. One gonad 

was scored per animal and at least 20 

animals per genotype were used. ns 

indicates no significant difference, * = 

0.0371 and **=0.0096 using Student’s t-

test. zhp-3 mutants fed RNAi to nhr-91 

exhibited a significant increase in the levels 

of apoptotic nuclei as compared to zhp-3 

mutants fed empty vector. A similar 

significant increase in the average was 

observed in msh-5 mutants fed nhr-91 RNAi 

vs. control. Wildtype worms were 

unaffected by treatment compared to 

untreated. 
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Figure 9: NHR-6 and NHR-91 do not act 

redundantly to regulate apoptosis in 

crossover mutants (18). L4 hermaphrodites 

were picked onto plates seeded with a 

50/50 mixture of nhr-6 RNAi and nhr-91 

RNAi or empty vector control (HT115) 

following the “Feeding RNAi Protocol” 

adapted from the Plasterk Lab. L4 F1 

progeny were aged for 20-24 hours on 

seeded plates at 20ºC before mounting on 

1.5% agaroses pads containing 0.2mM 

levamisole. Animals were scored at 1000X 

under fluorescence microscopy for cells 

encircled by CED-1::GFP. One gonad was 

scored per animal and at least 20 animals 

per genotype were used. ns indicates no 

significant difference using Student’s t-test. 

When zhp-3 mutants were treated with 

RNAi to both nhr-6 and nhr-91 no significant 

change was observed in the average levels 

of apoptotic nuclei as compared to control. 

msh-5 mutants also displayed no significant 

change in the average levels of apoptotic 

nuclei when comparing treated and 

untreated groups. Wildtype animals treated 

with both nhr-6 and nhr-91 RNAi displayed 

no significant difference in the average 

levels of apoptotic nuclei as compared to 

wildtype animals untreated. 
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Figure 10: NHR-72 does not play a role in 

regulating apoptosis in crossover mutants 

L4 hermaphrodites were picked onto plates 

seeded with nhr-92 RNAi or empty vector 

control (HT115) following the “Feeding 

RNAi Protocol” adapted from the Plasterk 

Lab. L4 F1 progeny were aged for 20-24 

hours on seeded plates at 20ºC before 

mounting on 1.5% agaroses pads containing 

0.2mM levamisole. Animals were scored at 

1000X under fluorescence microscopy for 

cells encircled by CED-1::GFP. One gonad 

was scored per animal and at least 20 

animals per genotype were used. ns 

indicates no significant difference using 

Student’s t-test. zhp-3 mutants treated with 

RNA i to nhr-72 showed no significant 

difference in the average levels of apoptotic 

nuclei compared to empty vector control. 

msh-5 mutants treated with nhr-72 RNAi 

showed no significant difference in average 

apoptotic nuclei compared to untreated. 

Wildtype worms were also unaffected by 

nhr-72 RNAi treatment. 
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Strains 

egl-1(bc373) (V) mutants 

dpy-11 bcis39 (v) 

dpy-11 egl-1(bc373) bcis39 (v) 

meDf2;dpy-11 bcis39 (v) 

meDf2;dpy-11 egl-1(bc373) bcis39 (v) 

msh-5(me23) (IV);dpy-11 bcis39 (v) 

msh-5(me23) (IV);dpy-11 egl-1(bc373) bcis39 (v) 

zhp-3(jf61) (I);dpy-11 bcis39 (v) 

zhp-3(jf61) (I);dpy-11 egl-1(bc373) bcis39 (v)  

 

pch-2(tm1458) (II) mutants 

pch-2(tm1458) (II);dpy-11 bcIs39 (V) 

pch-2(tm1458) (II);dpy-11 egl-1(bc373) bcIs39 (V) 

pch-2(tm1458) (II);msh-5(me23) (IV)/ nT1 unc;dpy-11 bcIs39 (V)/nT1 unc 

pch-2(tm1458) (II);msh-5(me23) (IV)/nT1 unc;dpy-11 egl-1(bc373) bcIs39 (V)/nT1 unc 

 

 

 

 

 

 

 

 



 25 

Supplemental Figures 

Supplemental Figure 1: egl-1 locus deletion screen Seven regions within the egl-1 locus are 

conserved between C. elegans and C. briggsae (notated as A, B, C, D, E, F, and G). Three of 

these regions are intragenic (C and D) or near the egl-1 coding region (E) and were not 

included in the locus screen. The screen introduced deletion of region A (bc359), deletion of 

a non-conserved region between A and B (bc276), a deletion of region B (bc274), a deletion 

of region F (bc369), or a deletion of region G (bc373) into zhp-3 or msh-5 and scored 

apoptotic nuclei. No effect on apoptosis was observed when bc359, bc276, bc274, or bc369 

was crossed into zhp-3 or msh-5 mutants (data now shown). However, when region G, aka 

bc373, was deleted in zhp-3 or msh-5 mutants, a significant increase in apoptosis was 

observed (data not shown). 
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Supplemental Figure 2: egl-1 locus deletions (bc alleles) Primer sequences and expected 

product sizes for verification of wildtype and bc alleles. bc373 deletions were confirmed by a 

pair of PCR reactions. One reaction used Int.Left and Int.Right and yielded no PCR product in 

bc373 deletion mutants. The second reaction used Int.Left and Poi. Right and a product size 

of 1.322 kb indicated a deletion of bc373. For a wildtype copy of bc373, a product size of 

0.903 kb and 3.0 kb was observed, respectfully. 

Region A bc359 

Primers: C15H11.A/Int.Left AACCTCCGTCGATTTGTCAG 

  C15H11.A/Int.Right CGGAACCTTTAGTGGGCTTT 

  45   GTTCCTACTCAAACACCGAAAC 

Expected products: wt 2.6 kb and 1.0 kb 

   bc359 1.4 kb 

Non-conserved region between Region A and B  bc276 

Primers: C15H11.B2/Int.Left AAAGCCCACTAAAGGTTCCG 

  C15H11.B2/Int.Right GTCGTCAACATTCATCACGG 

  38   CCTAAACCTGAAGTTGCTAG 

Expected products: wt 2.709 kb and 0.629 kb  

   bc276 2.150 kb 

Region B bc274 

Primers: delE43antisense TTGTCGTCAACATTCATCAC 

  delE43sense  GAAAATTTAGGTGGTGGAAG 

  delE43wt  GTTCAAAATTGGCTTCACAG 

Expected products: wt not sure 

   bc274 not sure 

Region F bc369 

Primers: F23B12.F/Int.Left AAGCCCGGTAGCTGGTATTC 
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  F23B12.F/Int.Right CCCACCTCTTCATCGTCATT 

  219/H1   GCACTACATGCAAGTTTCGG 

Expected products: wt 2.862 kb and 0.710 kb 

   bc369 1.195 kb 

Region G bc373 

Primers: F23B12.F2/Int.Left CGTCATTGCGTAGAGCTTCA 

  F23B12.F2/Int.Right CGATACAGAACATCCGACGA 

  F23B12.F2/Poi.Right AAGGGTCGTGGTGCAATAAG 

Expected products: wt about 3.0 kb and 0.903 kb 

   bc373 1.322 kb 
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Supplemental Figure 3: RNAi Screen (with control) 

L4 hermaphrodites were picked onto plates seeded with RNAi or empty vector control 

(L4440) following the “Feeding RNAi Protocol” adapted from the Plasterk Lab. L4 F1 progeny 

were aged for 20-24 hours on seeded plates at 20ºC before mounting on 1.5% agaroses 

pads containing 0.2mM levamisole. Animals were scored at 1000X under fluorescence 

microscopy for cells encircled by CED-1::GFP. One gonad was scored per animal and at least 

10 animals per genotype were used.   
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 Supplemental Figure 4: RNAi Screen (no control) 

L4 hermaphrodites were picked onto plates seeded with RNAi following the “Feeding RNAi 

Protocol” adapted from the Plasterk Lab. L4 F1 progeny were aged for 20-24 hours on 

seeded plates at 20ºC before mounting on 1.5% agaroses pads containing 0.2mM 

levamisole. Animals were scored at 1000X under fluorescence microscopy for cells encircled 

by CED-1::GFP. One gonad was scored per animal and at least 10 animals per genotype were 

used. 
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Supplemental Figure 5: RNAi Screen List

2L52.1 

aha-1 

ahp-2 

atf-6 

athp-3 

attf-2 

attf-4 

attf-5 

bed-2 (DNS) 

C02F.12 

C46E10.8 

camt-1 

ceh-20 

ceh-21 

ceh-38 

ceh-40 

ceh-41 

ceh-49 

ceh-58 

ceh-86 

ceh-88 

cey-2 

daf-19 

die-1 

dmd-9 

duxl-1 

efl-1 

efl-2 

efl-3 (Figure 

3&4) 

egl-18 

ekl-2 

(Figure 

3&4) 

elt-6 

(Figure 

3&4) 

ets-5 

F10E7.11 

F13C5.2 

F44E2.7 

fxh-3 

gla-3 

gmeb-1 

hif-1 

hlh-2 

hlh-3 

hlh-33 

hmbx-1 

hmg-4 

hsf-1 

K04C1.3 

lag-1 

lin-1 

lin-3 

lin-39 

Isy-27 

madf-2 

madf-8 

mml-1 

mxl-1 

mxl-2 

myrf-1 

myrf-2 

nfya-1 

ngr-84 

nhr-2 

nhr-10 

nhr-17 

nhr-22 

nhr-46 

nhr-49 

nhr-60 

nhr-65 

nhr-66 

nhr-70 

nhr-71 

(Figure 

3&4) 

nhr-78 

nhr-100 

nhr-138 

nhr-154 

nhr-181 

nhr-182 

oma-1 

(DNS) 

pal-1 

pes-1 

pie-1 

pop-1 

rbr-2 

(Figure 

3&4) 

sbp-1 

sdc-2 

sex-1 

skn-1 

T07F8.4 

(DNS) 

tag-295 

tag-350  

tbx-36 

(DNS) 

tbx-9 (DNS) 

unc-62 

X-5K20 

X-6H19 

ZK185 

ztf-28
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